ABSTRACT: The surface limited redox replacement (SLRR) method has been used to design two-dimensional Pt−Pb nanoalloys with controlled thickness, composition, and structure. The electrochemical behavior of these alloys has been systematically studied as a function of alloy composition. A single-cell, two-step SLRR protocol based on the galvanic replacement of underpotentially deposited monolayers of Pb with Pt was used to grow epitaxial Pt 1−x Pb x (x < 0.1) alloys of up to 10 ML thickness on Au substrates. It is shown that by varying the terminating potential of the galvanic replacement step, the Pb atomic content can be controlled in the films. Electrochemical analysis of the alloys showed that the adsorption of both H and CO exhibits similar, and systematic, decreases with small increases in the Pb content. These measurements, commonly used in electrocatalysis for the determination of active surface areas of Pt, suggested area values much lower than those expected based on the net Pt composition in the alloy as measured by XPS. These results show that Pb has a strong screening effect on the adsorption of both H and CO. Moreover, changes in alloy composition result in a negative shift in the potential of the peaks of CO oxidation that scales with the increase of Pb content. The results suggest electronic and bifunctional effects of incorporated Pb on the electrochemical behavior of Pt. The study illustrates the potential of the SLRR methodology, which could be employed in the design of 2-dimensional bimetallic Pt nanoalloys for fundamental studies of electrocatalytic behavior in fuel cell reactions dependent on the nature of alloying metal and its composition.
■ INTRODUCTION
The development of inexpensive, active, and stable Pt catalysts relevant to fuel cell applications remains a very active area of research. While being widely regarded as the most active monometallic catalyst, the susceptibility of platinum to poisoning by CO is recognized as a significant obstacle to its exploitation in fuel cells. Furthermore, the cost of the platinum catalyst is particularly prohibitive to the commercialization of fuel cells. As a result, bimetallic Pt systems have been studied, which possess the simultaneous advantage of a reduction in the required amount of platinum as well as an enhanced catalytic efficiency. 1 In these systems, surface morphology, 2 spatial variation in chemical composition, 3 particle size, 4 and stability 5 are all important and interrelated variables that determine catalytic performance. Substantial progress has been made toward understanding the effect of these factors. However, further work in this area is required to bring this understanding to a level such that a catalyst can be systematically designed for a particular application. 1 The most promising approaches to improve the performance of Pt catalysts while reducing the total noble metal content include Pt thin-film overlayers 6 and Pt-X alloy skin and skeleton structures that comprise a Pt-rich surface supported on a Pt−X alloy. 3, 7 The confinement of the dimensions to a few atomic layers, coupled with the neighborhood of Pt to another metal, causes ligand (electronic) and/or ensemble (geometric) effects that substantially alter the catalytic performance and adsorption binding energies. 8 The primary origin of this effect has been identified as a shift in the position of the d-band of platinum atoms at the surface owing to electron transfer from the surrounding elements. In fact, such a shift has been shown theoretically 9 to affect the binding energy of CO to Pt. However, it is practically difficult to form epitaxial 2-dimensional structures of Pt on a well-defined substrate owing to the very high surface free energy of Pt, which is of the order of 2000 mJ m −2 , 10 a value much higher than 1400 mJ m −2 for Au and 540 mJ m −2 for Pb and also due to the low diffusivity of Pt (10 −16 −10 −21 cm 2 s
−1
). 11 Thus, conventional electrodeposition, 12 as well as ultrahigh-vacuum (UHV)-based deposition techniques, 13 usually results in preferential nucleation of Pt at defect sites and a Volmer−Weber growth mode.
In order to overcome the problem of nonuniform Pt growth, Brankovic et al. introduced a new method called surface limited redox replacement (SLRR). 14 In this method, epitaxial growth of Pt was obtained using underpotential deposition (UPD) of a less noble sacrificial metal, such as Cu, followed by galvanic replacement by Pt 4+ from PtCl 6 2− in solution. 14 Such Cu UPDbased SLRR protocols resulted in Pt monolayer catalysts with high activity and stability. 15 The Cu UPD-based SLRR protocol has been adopted by many groups as a method for the growth of Pt films of different thicknesses (>1 ML). 16 Most recently, it has been demonstrated that using Pb UPD as a sacrificial layer produces higher quality Pt films than those grown by Cu UPD. 17 In this work, K 2 PtCl 4 was used as the source of Pt in a single cell resulting in epitaxial growth and negligible roughness evolution in the electrodeposited films, for film thicknesses of up to 10 ML. Moreover, for the first time this work examined and showed a small extent of sacrificial metal incorporation, which is an aspect of relevance but often neglected in the analysis of SLRR grown films.
The growth of monolayer thick bimetallic alloy catalysts Pt 0.8 M 0.2 (M = Au, Pd, Ir, Ru, Rh, Re, or Os) using the SLRR of Cu UPD 18 has been shown by Vukmirovic et al. The study also showed an enhancement of the oxygen reduction reaction on the deposited alloys, but very little attention was given to the fundamental aspects of SLRR methodology and the optimization of growth parameters. The only systematic formation of Pt 4 Cu intermetallic thin film of controlled single crystal structure by the SLRR of Pb UPD by both Pt 2+ and Cu
2+
ions has been demonstrated recently by Bromberg et al. 19 The stoichiometry of the intermetallic Pt 4 Cu films was attained by utilizing 4:1 proportion of Pt 2+ and Cu 2+ ions in solution. There has not been much done in terms of using SLRR for random alloy films formation over a range of different compositions. In a work by Fayette et al., 17 a SLRR protocol for deliberately incorporating sacrificial UPD Pb in films grown by 300 replacements of Pb UPD by PtCl 4 2− was demonstrated on a proof-of-concept level. This study showed that Pt 1−x Pb x alloys of varied Pb composition could be formed by decreasing the potential at which the SLRR replacement was interrupted. However, the application of this approach to the controlled epitaxial formation of ultrathin Pt x Pb 1−x films has not yet been carried out.
Pt−Pb is an interesting bimetallic system, owing to the reported promoting catalytic effects by the presence of Pb. More specifically, the current density of the formic acid oxidation reaction has been shown to be enhanced by Pb UPD on polycrystalline Pt 20 and Pt single crystals. 21 In the work of Hwang et al., films of Pt x Pb 1−x alloys of 6−10 nm in thickness were grown by underpotential codeposition of Pb with Pt.
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The composition was varied by controlling the potential of deposition. The formic acid oxidation activity was shown to be enhanced by incorporated Pb. 22 In addition, intermetallic PtPb crystals formed by arc melting and sintering treatment have shown high CO tolerance 23 and activity for the electrooxidation of small organic molecules.
24 Pt 3 Pb and Pt 3 Pb−Pt core−shell nanoparticles have shown to be highly active for the oxidation of formic acid as well. 25 While these studies demonstrate the potential of Pb to enhance the electrocatalytic activity of Pt, a quantitative explanation of the effect of Pb as well as a separation of additional effects from particle size and structure is presently lacking.
The aim of the present work is to demonstrate the applicability of the SLRR technique for the growth of epitaxial ultrathin Pt 1−x Pb x films with controlled thickness, structure, and alloy composition. Furthermore, we examined the effect of low Pb content in the Pt 1−x Pb x alloys on the electrochemical adsorption of H and CO, both of which are commonly used to measure the electrochemically active surface area (ECSA) in Pt systems. The initial part of the work demonstrates the optimization of the SLRR protocol and selection of potentials within Pb UPD region to grow epitaxial alloy films of varied composition. Thin films of differing Pb content were characterized by X-ray photoemission spectroscopy (XPS) to determine their compositions. The electrochemical behavior of the alloys has been characterized by H UPD and CO stripping and solution oxidation with the goal to elucidate the role of Pb in these electrochemical adsorption processes.
■ EXPERIMENTAL SECTION
Sulfuric acid (Alfa Aesar, 99.9999%), perchloric acid (Aldrich, 99.999%), sodium perchlorate hydrate (Aldrich, 99.99%), puratronic lead(II) carbonate (Alfa Aesar, 99.999%), and potassium tetrachloroplatinate (Aldrich, 99.99%) were used within this work. All solutions were made with Millipore Milli-Q water. The solutions were deoxygenated by Ar (Pureshield argon, 99.998%, BOC) for at least 30 min prior to measurements. A blanket of Ar gas was maintained above the cell during measurements. A mercury/mercurous sulfate (MSE) electrode in saturated K 2 SO 4 was used as a reference electrode, and Pt wire was used as a counter electrode in all measurements. All potentials, unless stated otherwise, will be reported with respect to MSE. The electrochemical measurements and the control of electrodeposition were performed using a CompactStat (Ivium Technology) potentiostat.
Substrates. Au thin films of 150 nm thickness evaporated under high vacuum onto Schott Nexterion glass slides with a 10 nm Ti adhesion layer were used as substrates to grow Pt 1−x Pb x alloys. 17 Prior to the electrochemical experiments, the Au surface was flame annealed in a Pyrex tube for 5 min under ultrapure nitrogen flow. The electrochemically active surface area (ECSA) of Au was obtained by integration of the surface oxide reduction peak (assuming a charge of 440 μC cm −2 per ML) measured by cyclic voltammetry in 0.5 M H 2 SO 4 solution, in a potential range of 0.0−0.95 V. 26 The measured ECSA of Au was used as the geometric area of the sample, and all current values throughout the paper were normalized to this value.
A polycrystalline Pt (Pt-poly) rod, of diameter 2 mm, embedded in poly(ether ether ketone) (PEEK), was prepared by successive mechanical polishing using alumina suspensions (Buehler) from 1.0 μm to 0.3 μm down to 0.05 μm particle size. The surface was introduced to the electrochemical cell in a hanging meniscus configuration and subjected to electrochemical activation by at least 20 cyclic voltammetry scans in 0.5 M H 2 SO 4 in the potential window −0.66 to 0.70 V at ν = 50 mV s following a protocol similar to the one previously described. 17 The Pb UPD layer was formed by application of potential step at E 1 = −0.85 V for 1 s, after which the potential control was interrupted and the open circuit potential (OCP) was monitored as the galvanic replacement of Pb UPD by Pt 2+ proceeded. The galvanic replacement reaction was interrupted when the OCP reached a selected positive potential limit, E 2 , at which a potential pulse to E 1 was applied and another SLRR deposition cycle Langmuir Article was triggered. All Pt 1−x Pb x alloys were formed using 10 SLRR deposition cycles. After the SLRR growth, the electrode was rinsed with Millipore Milli-Q water and transferred to an electrochemical cell containing 0.5 M H 2 SO 4 and subjected to cyclic voltammetry (CV) between −0.66 and 0.40 V at ν = 50 mV s −1 . Potential cycling resulted in a stable and representative behavior, i.e., H UPD, which generally was obtained after five CV cycles. Small changes of CVs during initial scans did not show additional peaks that would suggest dealloying or redeposition/dissolution of Pb in the underpotential regime. For the sake of consistency all samples in this work were subjected to 15 CV cycles in 0.5 M H 2 SO 4 . After representative H UPD voltammetry was recorded, the samples were subjected to further electrochemical or XPS measurements.
CO Electro-Oxidation Experiments. After confirmation of a stable surface behavior by H UPD, CO (research grade purity N3.7, BOC) was inserted into the cell for at least 10 min while polarizing the electrode at −0.60 V. Five scans were performed at 20 mV s −1 , sweeping anodically from −0.60 V up to 0.70 V in the CO-saturated solution. Cyclic voltammetry was then performed after purging the electrolyte for at least 50 min with Ar while maintaining potential control at −0.60 V. The electrode was then swept anodically up to 0.70 V at 20 mV s −1 , and CV was performed until a stable H UPD voltammogram was obtained. The first cycle was CO stripping voltammetry; the second one confirmed the absence of residual CO in solution.
XPS Measurements. A Kratos Axis Ultra DLD system was used to collect XPS spectra using a monochromatic Al Kα X-ray source operating at 144 W. The data were collected with pass energies of 160 eV for survey spectra and 40 eV for the high resolution scans. The system was operated in the Hybrid mode, using a combination of magnetic immersion and electrostatic lenses and acquired over an area approximately 300 × 700 μm 2 . A magnetically confined charge compensation system was used to minimize charging of the sample surface, and all spectra were taken with a 90°takeoff angle. A base pressure of ∼1 × 10 −9 Torr was maintained during collection of the spectra. All XPS spectra were collected following the deposition of Pt 1−x Pb x films by SLRR and the subsequent characterization of the films by H UPD as described above. Figure 1 shows the representative characteristics of Pb UPD on a well-defined Au(111) surface, 28 such as the splitting of the main UPD peak, specific to the energetically separated processes of deposition/ dissolution on terraces and steps, as well as the surface dealloying peak at −0.2 V. 29 Pb UPD on Pt film grown on Au substrates using 10 SLRR deposition cycles under the conditions described by Fayette et al. 17 is also shown in Figure  1 . Such deposited Pt films have been shown to exhibit a pronounced (111) texture, as confirmed by XRD. These films are characterized by small Pt domains of 5−10 nm size which follow the morphology of the Au substrate (i.e., quasi-2D growth). 17 It can be clearly observed that Pb UPD on Pt is characterized by a single main peak at 0.0 V, followed by an almost featureless region in the range of −0.85 to −0.40 V. At potentials more positive than 0.0 V, the features from Pb UPD are convoluted with those from OH ads ; first, this process takes place in the potential region of OH ad adsorption on Pt in perchlorate solution, and second, the previous rotating ring disk electrode work by Grgur et al. 30 has shown that the partially formed Pb UPD layer stabilizes the formation of OH ad species, shifting its adsorption to more negative potentials. Because of a partial overlap of the features associated with the desorption of Pb adatoms and the adsorption of OH ads on Pt(111), 30 the potential window was varied in attempt to more clearly distinguish the relative contributions. In general, the UPD voltammetry has the main characteristics of a Pt(111) surface, as indicated by a small peak observed at approximately −0.15 V and a shoulder close to −0.05 V, indicating the presence of (111) domains. 31 The notable difference is the absence of pronounced reversible peaks (i.e., Pb monolayer densification and phase transformation peaks) in the potential range negative of the main peak, which is a consequence of the small domain size of the electrodeposited Pt. 17 An examination of the Pb UPD features is relevant for the selection of the potential limits, E 1 and E 2 , which were monitored and used to maintain control of Pt deposition during the SLRR protocol. The schematic of the protocol is presented in Figure 2 . For the growth of Pt films in the single-cell SLRR method, as previously described, 17 E 1 was the potential at which the UPD layer was formed. It can be seen from Figure 1 that the selected value of E 1 = −0.85 V was sufficiently negative to maximize the Pb UPD coverage on both the Au and the Pt substrates. Based on our previous work, a pulse of 1 is long 
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Article enough for the Pb UPD layer to complete (in less than 0.5 s), yet not too long to allow significant Pt coelectrodeposition to take place in a so-called surfactant growth regime. 32 Previously reported measurements using a quartz crystal microbalance showed about 1% of additional Pt deposited compared to what would be expected by galvanic replacement of the Pb UPD layer alone. 17 During the second step of the SLRR cycle, the OCP was monitored during the replacement of the Pb UPD layer with Pt. Once the OCP reached the value E 2 = 0.0 V, corresponding to a Pb-free surface on Pt and Au, a potential step back to E 1 was triggered.
In the present work we created Pt 1−x Pb x alloys by performing 10 SLRR cycles with different E 2 potentials, selected between 0.0 and −0.50 V. The films grown at E 2 = 0.0 V were chosen in this work as the suitable point for comparison for all Pt 1−x Pb x alloy films grown at lower potentials E 2 , as they have been shown to exhibit typical "pure"-Pt electrochemical behavior. 17 For each alloy, the galvanic replacement was interrupted at a potential E 2 with partial monolayer amount of Pb still present on the surface, as shown in Figure 2 . The amount of the replaced and the remaining Pb on the surface at the selected E 2 value could be theoretically estimated from the Pb adsorption isotherm. However, the stabilization of OH ad and the overlap with Pb UPD in the selected region of the potentials in stagnant electrolyte make the exact Pb coverage determination difficult. 30 So instead of targeting a particular amount of Pb on the surface, we focused on the selection of the potential limit, over a relatively wide range, below 0.0 V for which SLRR growth was shown to produce almost pure Pt films, i.e., films with smallest amount of incorporated Pb. 17 The potential and current transients of the SLRR replacements obtained during SLRR growth with different E 2 limits are shown in Figure 3 . The transients show that for each selected E 2 growth limit OCP replacement steps were completed within the same time, with the maximum time for samples grown with E 2 = 0.0 V less than 10 s, as already reported. 17 The time interval for each OCP replacement reduces with decreasing values of the selected potential E 2 . In addition, the time required for each replacement step did not change significantly after the first replacement, suggesting uniform growth and no significant changes in the kinetics of replacement during successive SLRR cycles.
Surface Characterization: H UPD and XPS. Following the SLRR growth, Pt 1−x Pb x films were subjected to potential cycles and characterization in 0.5 M H 2 SO 4 , as described in the Experimental Section. The samples were further characterized by XPS to assess the amount of Pb in the alloy, and representative XPS spectra are shown in Figure 4 for illustration. The XPS measured Pb composition of the examined alloys is listed in Table 1 . It can be observed that a maximum Pb content achieved by SLRR protocol at E 2 = −0.5 V is of the order of 7%. The SLRR protocol at E 2 = 0.0 V also confirms the previously reported Pb sacrificial layer incorporation of 3.5%.
Representative H UPD behavior of the grown alloys is presented in Figure 5 along with H UPD on Pt(111) for comparison. It can be observed that H UPD on Pt films grown with E 2 = 0.0 V and the integrated charges from H UPD, which are shown in Table 1 , are in good agreement with previously obtained results under the same conditions. 17 The characteristic "butterfly" peaks, which are associated with an order/disorder transition in the sulfate adlayer, can be observed on Pt(111), and the "disappearance" of these peaks on the grown films can be attributed to the very small size, of the order of 5−10 nm of the Pt domains. 31 The films grown at a lower value of E 2 show a systematic decrease in H-UPD charge and the peaks at −0.59 and 0.45 V corresponding to the adsorption on (110) and (100) sites, respectively, suggesting that more Pb is incorporated in the surface. The results thus indicate Pt−Pb alloy formation, and as expected there is a systematic reduction of the H UPD charge owing to the fact that H does not adsorb on Pb.
Under the simple assumption that each extra Pb atom blocks one Pt site for H adsorption, it would be expected that the H UPD charge should decrease in the same proportion as the reduction in Pt content. However, the compositions of alloys as measured by XPS do not confirm this assumption. The integrated charge of the H UPD and the percentage of decrease are listed in Table 1 alongside the corresponding Pb composition measured by XPS. The data presented in Table  1 show significant changes of the H UPD charge with relatively small changes in the alloy composition, much larger than what simple site blocking would predict. The results suggest that Pb might have screening (blocking) effect on neighboring Pt sites for H-adsorption. In fact, similar blocking effects are wellknown and reported for UPD processes on surface alloys, namely Pb UPD on Pb−Ag(111) 33 and H-UPD on Ag− Pt(111). 34 Considering a very simple model, in the limit of low Pb coverages and isolated Pb atoms, it would be expected that the H UPD charge then decreases with the number of Pb atoms (θ Pb = x) affecting n Pt nearest-neighbor atoms as
where θ H UPD and θ Pb are the coverage of H UPD and the composition of Pb in the topmost atomic layer, respectively, and k = n + 1. By examining Figure 6 , it appears that a linear relationship is a suitable interpolation within experimental error. The value of k obtained by a linear fit to the data presented in Figure 5 is 7 ± 1. A value of 7 suggests that each Pb atom blocks six adsorption sites for H adsorption, which is the value that corresponds to the number of nearest neighbors in a Pt(111) surface layer. This result is the same as the one obtained by Popov et al., 33 who determined that every Pb atom in the Ag−Pb (Pb <10 at. %) surface alloy affects six adsorption sites for subsequent Pb UPD adsorption. Besides, the linear dependence between the H UPD coverage and Pb composition is in agreement with the "percolation cluster model" of underpotential deposition on alloy surfaces. 35 While this analysis is simple and based on the Pb being present in the topmost layer, we cannot exclude a possibility of subsurface Pb atoms affecting adsorption of enriched Pt sites on top. In fact, a similar significantly reduced coverage of H UPD has been observed on Pt 3 Ni(111) skin structures. 7 Also, recent work by Brimaud et al. 36 showed that in the Pt x Au 1−x /Pt system the charge obtained by H UPD was in discordance with the amount of Pt at the surface (Figure 3 in ref 36 ), but the charge was found to decrease nonlinearly with the atomic fraction of Au. 36 In the work by Fayette et al., 17 the Pt 1−x Pb x alloys showed a higher Pb content for each given E 2 value. This difference, besides an overestimate of the Pb content obtained by EDS measurements compared to that measured by XPS, can be attributed mainly to the much higher thickness of the alloys grown in that work (∼30 times) and significant roughness that develops during thicker alloy growth which assists increasingly higher Pb incorporation. The effect of the performing more than 10 SLRR replacements on the composition of the alloys, as well as the Pb distribution with respect to thickness, will be a matter of separate publication and analysis. CO Electro-Oxidation. It is known that in certain Pt bimetallic systems the charge obtained by CO stripping is a more reliable measure of surface Pt content than the H UPD charge. 7, 37 In particular, on Pt 3 Ni(111) skin structures, 7 H UPD was suppressed by subsurface Ni, but the corresponding charge obtained by CO stripping was the same as for Pt(111). This phenomenon is considered to be an effect of the much stronger CO interaction with Pt in comparison with H. To assess whether a similar effect could be observed on deposited Pt 1−x Pb x alloys, CO stripping voltammetry was performed, and the first scans of the electro-oxidation of CO in solution are presented in Figure 7 . The charges obtained by integrating the stripping peaks, which are presented together with the H UPD charges and XPS results in Table 2 , are indistinguishable from those obtained by H UPD, within the error. Therefore, it is likely that the above arguments regarding the screening effect of Pb on H UPD adsorption must also apply to CO.
Although it is somewhat surprising that the coverage of both adsorbates is affected in a similar way by Pb, the effect is not unknown in other bimetallic Pt−X systems: the charges obtained by CO stripping and H UPD were found to be in quantitative agreement on Pt 3 Co nanostructures, 38 even though both adsorbates underestimated the true active area of Pt. Clearly, the degree of agreement between H UPD and CO stripping charges in Pt bimetallic systems is dependent on the nature of the system, i.e., alloying metal.
In CO stripping experiments, not only is the charge under the peak meaningful, but so is the onset potential for the oxidation of CO. A more negative onset potential for CO oxidation can indicate a lower energy cost associated with the removal of CO. Alternatively, within the Langmuir−Hinshelwood mechanism of CO oxidation, 39 it can indicate a lower potential for the nucleation of OH ads species that are required for CO stripping. The position of the CO stripping peak of Pt(111), which is centered on 0.072 V, is in agreement with literature values. 40 Similarly, the experimentally obtained position of 0.080 V on polycrystalline Pt agrees with literature values at pH = 0.3. 41 It should be pointed out that the peak position is very sensitive to the presence of defects and steps on the prepared Pt surface. The single crystal surface morphology is dependent on the cooling atmosphere. 42 Cooling the surface in an argon−hydrogen atmosphere rather than air resulted in a difference of 0.09 V in the peak position. This difference was ascribed to a higher incidence of defects on the air-cooled crystal. These defects acted as nucleation centers for the adsorption of OH ads . Similarly, any misorientation of the surface with respect to Pt(111) 43 resulted in a negative shift of the position of the oxidation peak due to the nucleation of OH ads on step edges. From the voltammograms of the single crystal Pt electrode, shown in Figure 5 , as well as the obtained values for the CO peak positions, it is apparent that the Pt(111) crystal has a relatively high defect density despite possessing long-range order. Actually, in our case the high defect density of the crystal facilitates a comparison with the SLRR grown films as these are also defect-rich and statistically comparable. A significant negative potential shift in the onset of CO stripping with increasing Pb content is clearly observed. One possible explanation for the shift is that the presence of Pb atoms could cause a reduction in the local potential of zero charge (pzc); this effect has already been observed in the context of Pb UPD on Pt(111) single crystals. 30, 44 The potentials of total zero free charge (pztc) of Pt surfaces, i.e., the potentials at which the free charge in the double layer is perfectly balanced by the charge from chemisorbed species, have been determined by the CO charge displacement technique 45 and N 2 O reduction; 46 the pztc for Pt(111) in 0.5 M H 2 SO 4 was found to be 0. 28 V vs Pd|H. 46b For comparison, the pzc of Pb was found to be −0.62 V vs NHE by differential capacitance measurements. 47 Such a difference, even with the low atomic percentages of Pb in the films, could lead to a lower onset for the formation of OH ads species that are required for the removal of adsorbed CO, in a manner similar to the effect that has been described on PtRu 48 and Pt 3 Sn 49 alloys. In addition, two distinct peaks are observed for the most Pbrich alloy, and a shoulder is observed in the results obtained for the alloys of lower Pb content. The significance of two CO stripping peaks could be explained in terms of the formation of CO islands with a higher local packing density, 43 which correspond to more a more weakly bound state of CO. In fact, such an effect has also been observed on Pt(111) electrodes modified by Ru clusters when the Ru coverage was in the range 0−20 at. %. 50 In that system, the more negative peak was attributed primarily to the removal of CO linearly bonded to Ru while the more positive one was associated with CO linearly bound to Pt, with additional charge on the more negative peak being assigned to the oxidation of CO on Pt sites neighboring Ru. In the present system, such an explanation is unlikely since CO is predicted not to bond to Pb. One possibility is that multiple adsorption sites of differing energy are created by the different coordination of Pb to Pt, so that Pt atoms with more Pb neighbors would bind CO less strongly and so lead to a Figure 8 . The positive shift in the position of the main peak of CO oxidation with respect to the potential of CO stripping (in CO-free solution) is consistent with the behavior observed on Pt(111) and polycrystalline Pt. 51 However, Figure 8 reveals that the potential of the main peak did not change significantly with the alloy composition, in contrast to the results obtained by CO stripping. This is unexpected result as we are not aware of any other Pt−X alloy system that displays a shift in the CO stripping potential with increasing X composition, without showing a shift in the CO solution oxidation potential. While at present we do not have complete understanding for the observed behavior, it is possible that with CO present in solution the oxidation of CO was not limited by the rate of OH ads adsorption.
Variations are also observed in the CO bulk oxidation at lower overpotentials, namely in the region between −0.2 and 0.2 V, as shown in the inset of Figure 8 . The origin of CO oxidation in this so-called "preignition" potential region has been extensively studied on polycrystalline Pt and Pt single crystal electrodes.
51a, 52 The CO oxidation, present only during the first potential scans, 2, 52 can be associated with Pt sites freed from weakly bonded CO or Pt defects which heal by subsequent potential cycling. The results on Pt 1−x Pb x alloys show a systematic decrease in current density with increasing of the Pb content. This behavior could be due to a lowering of the local CO coverage of weakly bonded CO with increasing Pb composition in the alloy. Again, the full understanding will require further studies on this and other alloy systems.
■ CONCLUSIONS
In this work, we demonstrated the viability of the one cell SLRR technique involving the replacement of Pb UPD with Pt 2+ for the growth of Pt 1−x Pb x ultrathin films. By systematically varying the potentials within SLRR, the Pb content in the alloy was controlled. It was shown that for films of the same thickness, i.e., grown by the same number of SLRR cycles, even small changes in the amount of alloyed Pb significantly affected the charges measured by H UPD and CO stripping. The charge values obtained by these methods were in agreement, within experimental uncertainty. The magnitude of the change in adsorbate coverage with increasing Pb content is much greater than that expected purely from the substitution of Pt for Pb in the uppermost atomic layer, possibly due to electronic effects induced by Pb. A different trend in the position of the peak of CO oxidation in CO-free and CO-saturated solutions was obtained, and some changes in peak shape were observed. This observation may be due to a bifunctional effect in which Pb provides oxygenated species at an earlier onset potential. Two well-separated peaks were observed for the most Pb-rich films, which may have been a consequence of domains of different CO packing density on regions of the surface with differing Pb content.
The comparison and analysis of H and CO adsorption have important implications for the fundamental understanding of the effects of alloying and film thickness on electrochemical adsorption and catalytic performance in Pt alloy nanostructures. The effect of controlling film thickness and Pb content on the electro-oxidation of formic acid in the context of the work presented here, as well as a full discussion of the variation of composition with depth, will be the topic of a future publication. Langmuir Article
